In the midwestern United States, ethanol produced from corn is mixed with gasoline to meet clean air standards. Allocating land to produce clean fuel means taking away land from farming. We examine a model in which a scarce fossil fuel (e.g., oil) causes pollution but may be substituted by a clean fuel produced from land. Methodologically, we extend the Hotelling model to consider a substitute produced in the agricultural sector. We discover a range of prices within which the land-based fuel may substitute for the fossil fuel. When land is abundant, the supply of the clean fuel may exhibit multiple discontinuities. Environmental regulation may cause food production and farm prices to remain constant for a period of time.
Introduction
The Ford Motor Company has introduced several types of Flexible Fuel Vehicles (FFVs) that run on E85, a mixture of 85% ethanol (made from corn) and 15% gasoline. There are 3.5 million FFVs already plying on US highways but only 400 fuelling stations that supply E85. A bill passed by the US Senate provides tax credits for building E85 fueling stations. After the bill's passage, United States Sen. Barrack Obama said: "a fuel made of 85 percent Midwestern corn is a lot more desirable than one made from 100 percent Middle Eastern Oil."
The US Environmental Protection Agency is considering regulating a renewable energy standard, by which a designated fraction of all gasoline must come from renewable energy sources such as ethanol. These trends towards meeting clean energy goals through fuels produced from land imply an increased competition for scarce land resources, especially in agriculture. Policy makers in the US Midwest, for example are already worried about the effect of rising ethanol consumption for energy on food prices (The New York Times, 2006) . 4 In this paper, we develop a dynamic model that examines this trade-off between producing clean energy and using land for food production. The clean energy substitutes for a polluting nonrenewable resource such as oil. We derive an equivalence between Ricardian land rent and the Hotelling rent for the nonrenewable resource. We show that the price of the clean fuel produced from land must lie within precise bounds dictated by the amount of available land and the demands for food and energy. These bounds determine the trigger price at which the land fuel is used for energy and the price at which the nonrenewable resource is completely exhausted.
Supply of the land based fuel may occur in a discontinuous fashion when land is relatively abundant. Ricardian rents to land as well as Hotelling rents to oil may increase over time.
We examine how environmental regulation imposed in the form of a limit on the stock of pollution may affect the substitution to a land-based fuel. Unlike abatement technologies which may be used only when regulation is binding, the land-based fuel may be deployed before the pollution stock is binding or later in time when pollution is no longer an issue.
There is a large literature on nonrenewable resources and pollution, including Forster (1980) , Sinclair (1994) , Ulph and Ulph (1994) , Farzin (1996) , Hoel and Kverndokk (1996), Tahvonen (1997) and Toman and Withagen (2000) . The focus of these studies has largely been on the time path of pollution and carbon taxes. Hoel (1984) examines a model in which a nonrenewable resource has a perfect substitute in some of its uses but no substitute in others. He notes that resource prices may jump at the time when the substitute production comes into play. The focus of his paper is on market structure and price discrimination, not on the relationship between land and energy use. Chakravorty, Magne and Moreaux (2006) extend a Hotelling model to explore the allocation of a polluting nonrenewable resource and a clean backstop. This paper is an extension of their approach, in which we explicitly model land allocation in an agricultural sector that may produce both food and clean energy. The land endowment and magnitude of demands for food and energy affect substitution between the fossil fuel and the land fuel. On the other hand, pollution regulation in the energy sector affects the allocation of land in food production. In general, the main contribution of this paper in the literature following Hotelling (1931) is in explicitly linking the use of a nonrenewable resource over time to the allocation of land.
Section 2 outlines the basic dynamic model with land. In section 3 we develop intuition by examining polar cases of the model in which land is allocated for food alone, for both food and fuel after oil is completely depleted, and finally when both food and both sources of energy are produced. In section 4, we integrate this land market equilibrium with the dynamic equilibrium in the oil market. In section 5, we impose environmental regulation and consider when costly pollution control technologies may be deployed. Section 6 concludes the paper.
The Model
We consider an economy in which utility U at any given time t is produced from food and energy, denoted respectively by f q and e q . 5 Utility is additive and given by the sub-utility 5 In order to prevent notational clutter, we avoid writing the time argument explicitly wherever possible. 
There are two primary factors, land and a fossil fuel which we call oil. Land is assumed to be homogenous in quality, and its endowment is denoted by L . It can be used to produce food or an energy crop such as corn that when converted to ethanol, serves as a clean substitute for oil.
, be the portion of land dedicated to producing food and energy, respectively.
is fallow. Denote by f and y the yield of food and the land-based fuel per unit land which is assumed fixed. Their production at any instant of time is
given by
The cost of inputs per unit land area is denoted
. These costs may include the cost of conversion of grain to ethanol. We assume that they do not vary with the volume of food or land fuel produced. The average cost per unit output is then given by f c f / and y c y / respectively. These commodities are not storable, except at a prohibitive cost.
Energy can also be produced by using oil. 
. The land fuel and fossil fuel are assumed to be perfect substitutes in final demand so that the total consumption of energy at time t is equal to the sum of their extraction rates:
8 The land fuel is costly 6 The model may need to be significantly modified to consider energy sources such as wood from tree production because harvests tend to be discrete in time. 7 including the cost of extraction, processing and delivery. 8 Strictly speaking, this is not an accurate depiction of E85. That would imply strict complementarity of both fuels in clean energy production, so that ethanol and oil will be produced in fixed proportions. That is, oil will be directly used in the production both fossil and clean energy. As will be clear later, such an extension will make the model complicated but may not yield many fresh insights. Both oil and ethanol production must go down over time at and produces no emissions. Letθ be the quantity of pollution (e.g., carbon) released into the 
The objective of the social planner is to maximize net aggregate surplus discounted at some constant rate . 0 > ρ The planner allocates land for food and fuel production, and the scarce fossil fuel to solve the following problem (P):
constant rates until infinity. Here we implicitly assume that ethanol can be used independently of oil, which may be justified as technological improvements increase the content of ethanol to higher than the current 85% or what is 6
The current value Lagrangian is: 
together with the complementary slackness conditions:
where x y ,γ γ and π are the relevant Lagrangian multipliers. Because of the Inada assumptions, we do not need a multiplier for the condition 0 L f ≥ since it will never be binding. There will always be land under food production. The dynamics of the costate variables are determined by: 
Land Allocation between Competing Uses
In this section we determine optimal land use and the supply of food and energy. To develop intuition, we first examine two polar cases: (i) land is used only for food production and (ii) land is used for food and energy when oil is completely exhausted. Finally we consider the general case when land is used both for food and energy, in which the latter may be supplied by oil and the land fuel simultaneously.
Land is Used only for Food
Define L L f f ≤ as the land parcel under food production if no energy is being produced from land. 
and equilibrium land rent f π is zero. We will ignore the degenerate case in which rents go to zero exactly when all available land is used. We assume that if which all land is used in food production.
[ Figure 1 here]
Land Use when Oil is Exhausted
When oil is exhausted, only the land fuel must supply energy. Let 
The necessary and the complementary slackness conditions are: 
All the available land will be used for food and energy production if equilibrium land rents are equal and strictly
. This is shown in Fig. 2 , in which the equilibrium rent y π is strictly positive. When land is abundant or demands are small, each marginal product may be
In this case land allocated for food is exactly the same as in the previous model with no energy production, and 
Land Use for Food and Energy when Oil is Available
We now consider land allocation when oil is still available. Define . 9 In the food only model, there is no competition for land, hence rents will achieve some lower bound, while in the model with no oil, all energy must come from the land fuel, hence rents achieve some upper bound.
Consider energy supply for given energy prices . Since the rent under food production is higher than in fuel production, all the available land must be used to grow food and there will be no land fuel supplied to augment the use of oil. 
9 We neglect the degenerate case when
A higher price of energy induces a decrease in the land allocated to food and because 
Let Fig. 3 [ Figure 3 here]
(b) Land is Fallow under Food Production but not for both Food and Energy
This case may arise if there is enough land for food production but not for producing both food and energy. Or if the demand for food is low relative to the demand for energy. The land rent under food production is zero, but not when both food and energy are being produced after the exhaustion of oil. Then 
. The case is illustrated in Fig. 4 below. 
Use of the Clean Energy under Environmental Regulation
Consider a cap on the stock of emissions. This constraint can be relaxed either by reducing the use of oil, supplying energy from land or by costly pollution abatement. The land fuel is more costly than oil, and supplying it reduces the consumption of food when land is scarce. We first examine a model with no pollution abatement. 
The land fuel may be economically feasible according to whether the constrained oil extraction at the ceiling x ( ) θ α / Z = is higher or lower than demand at the trigger price given by ( )
The intuition is that if
, then the constraint is not tight enough or the opportunity cost of the land fuel is relatively high so that using land to provide supplementary clean energy in order to satisfy the constraint is cost prohibitive. In other words, the price at which the consumption of oil is constrained is lower than the lowest opportunity cost of the land fuel f y p .
We re-examine the three cases discussed earlier from the point of view of environmental regulation: [ Figure 8 here]
Before the land fuel is produced, land is allocated only for food. When supply of the land fuel begins, land allocated to food production declines until the pollution stock hits the ceiling. At the ceiling, the supply of the clean fuel is constant, hence food production and prices are also constant. Once the ceiling is no longer constrained, food production continues to decline until it reaches a steady state at
Environmental regulation leads to constant food output and prices for a time period. If there was no regulation, the decline in food production would be gradual until oil was exhausted and land fuel supply was at its maximum level.
When the price at the ceiling is lower than the minimum price at which land fuels become economical, only oil is consumed at the ceiling and the land fuel is supplied after the ceiling period is completed. There is no impact on food production because aggregate production of the land fuel is less than what available land can produce, given by The clean fuel may work as a textbook backstop resource and may not supplement the fossil fuel, as illustrated in Fig. 11 = to zero and is completely replaced by the land fuel.
[ Figure 11 here]
The Clean Fuel and Costly Pollution Control
In this section, we investigate the relationship between using land to produce clean energy and alternative pollution control policies such as through more efficient appliances (e.g., scrubbers).
We focus only on the intuition. . Abatement will not occur if the full marginal cost with abatement is higher than the one with no abatement. There is no benefit from abating when the stock of pollution is strictly below the ceiling. Suppose, abatement occurs at time τ < t , before attaining the ceiling. Then Abatement must also occur only at the beginning of the ceiling period, if at all. By definition, the marginal cost of oil under abatement ) ( p 0 e λ is upward sloping, since it depends upon the price of oil. If abatement were optimal, then this graph must cut the horizontal ceiling price e p at some time period, sayτ~. Before this time, the abatement marginal cost is below e p hence abatement is economical, and afterτ~, the marginal cost is above e p , hence abatement becomes too expensive.
Given that the unit cost of pollution control is constant and the ceiling is tight, the earlier it is done the better, since that allows increased use of cheap oil earlier in time.
In summary, there is a clear distinction between the two options for pollution reduction.
Abatement may happen only at the ceiling and must commence at the beginning. The use of the land fuel may start before the ceiling, and once energy production from land begins, it will always be part of the fuel mix. This is because the scarcity of oil drives the price of oil higher, making the land fuel relatively cheaper over time. The land fuel may be supplied starting from before the ceiling is binding, interior to the ceiling or after the ceiling no longer holds.
Concluding Remarks
In this paper we develop a Hotelling model with a market for land that drives the supply of clean energy. We discover a range of energy prices within which the land-based fuel may substitute for the fossil fuel. Depending on whether land is abundant and the magnitude of demands for food and energy, the supply of the land fuel may occur discontinuously, and before or after environmental regulation is binding. Regulation causes the price of energy to increase, therefore more land is allocated away from food production. However, if the demand for energy is high, then regulation forces food production and prices to remain constant over an extended time period.
The proposed framework can be used to make informed predictions on how agricultural policies may affect the supply of clean energy from land that substitutes for a non-renewable resource such as oil in transportation. Policies that decrease the demand for food will lead to an increase in the supply of the clean energy. These may include the removal of export subsidies on the domestic agricultural sector and import tariffs for agricultural products. Technological change in food production (e.g., introduction of high-yielding varieties) that increases profits per unit of land will lead to a substitution of land away from energy into food production and a consequent increase in the price of energy. In the other direction, environmental policies in the energy sector may also affect the land market equilibrium. If demand for energy were to increase and then decline exogenously, because of changes in population and economic growth, the land fuel may be supplied in an initial period and then the economy may switch back to oil, leading to an increase in food production and a decrease in the price of food. There may be a period in the interim when food production goes to zero and all land is used to produce energy, with the bulk of agriculture shifting into imports. However domestic production may come back if energy demand declines in the future. In an international context, environmental regulation in developed economies may cause an increase in food prices, leading to increased imports from developing countries. Domestically, there may be a shift in land use from other sectors into the production of food and energy.
In future work it may be important to consider Ricardian land with differential quality. The scarcity of land may drive up food and energy prices, which in turn may determine equilibrium land qualities in each sector as well as technological progress in these sectors, assumed constant in this model. In a global economy, differential land qualities and demands may dictate the optimal allocation of food production as well as land-based pollution control activities such as sequestration through forestry. 
